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ABSTRACT 
The authors have recently proposed an innovative connector system that consists on a Glass Fibre Reinforced 
Polymer (GFRP) perforated plate that is embedded into Steel Fibre Reinforced Self-Compacting Concrete 
(SFRSCC) layers. The connection is strongly based in the mechanical interlock assured by the dowels originated 
from the SFRSCC passing through the holes opened on the GFRP plates. In this study, an analytical framework to 
evaluate the load capacity of the connections when loaded transversally was developed based on experimental pull-
out tests presented in the companion paper (Part I). For a better understanding of the mechanical behaviour of the 
connections and to allow to make estimations of the load capacity of connection when it is conditioned by the 
rupture of the connector itself, pull-out pin-bearing tests with single-hole plates were executed to assess the effect of 
the type of GFRP on the strain distribution in the vicinity of the holes until the failure, as well as the estimated 
failure modes and load capacities of the connections. 
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1 INTRODUCTION 
In the recent past, the authors proposed the use of an innovative type of Glass Fibre Reinforced Polymer (GFRP) 
connector for concrete structural sandwich panels [1, 2], hereinafter referred to PERFOFRP. It consists of perforated 
GFRP plates, as shown in Figure 1Figure 1, that materialize the connection by means of mechanical interlock 
between the GFRP plate and the concrete dowels originated from the embedment of the connector into the concrete 
layers. The advantages of the proposed device are inherent to its material nature, of fibre reinforced polymer, since 
this connector reduces significantly the thermal bridge occurred when steel connectors are used, is not prone to 
corrosion and is lightweight. The proposed connector is particularly attractive for application in structural sandwich 
panels that are part of building façades, since an overall improved thermal performance can be achieved with this 
technology. These connectors have a relatively simple manufacturing process, are easily transported, handled and 
installed in the panel production process. 
  
(a) (b) 
Figure 1: GFRP connector for concrete structural panels: (a) overall view of connectors during the casting of top 
concrete layer of a sandwich panel; (b) detail of one PERFOFRP connector. 
As observed on the first part of this paper [3], the failure of the connection when subjected to pull-out forces can 
occur in different modes, depending on the geometry and materials used in the connections. The pull-out 
experimental program evidenced that the load capacity can be conditioned by failures in the concrete or even in the 
GFRP connector itself, in the vicinity of the holes. Nonetheless, although the connector failure was evidenced in the 
post testing inspection, due to the fact that the connector is embedded in the concrete, the conditions at which the 
rupture actually occurs and the underlying mechanisms could not yet be fully understood nor explained. Despite the 
relatively high tensile strength of the GFRP in the context of the materials used in concrete sandwich panels, failure 
through the GFRP can irremediably compromise the structural performance of this type of panels, since the these 
materials generally present a brittle behaviour, thus leading to an undesirable sudden rupture of the panel. 
In the technology of the perforated composites for mechanically fastened connections this issue could be solved by 
establishing minimum distances from the holes to the border of the laminate to be followed in the design process. 
However, in the case of proposed PERFOFRP connections, the diameter of holes and the distance from border are 
limited by the application given to the connector. In fact, when compared with the geometries of the usual perforated 
plates for mechanically fastened connections, the diameter of the hole used in the PERFOFRP is larger (usually 
ranges between 3 and 10 mm for fastened connections) and the distance between the hole and the border is shorter 
[4, 5]. The diameter of holes should permit the aggregates and fibres of concrete to pass through the holes and 
promote the expected mechanical interlocking between the concrete and the connector.  
For conventionally reinforced concrete, this value could be equal to the clear distance between individual parallel 
bars recommended by EN 1992-1-1 [6], that is given by the maximum size of aggregate plus 5 mm (i.e.: 12 mm + 
5 mm = 17 mm for the materials used in this research). Nonetheless, the steel fibres used as reinforcement of 
concrete has length equal to 35 mm. To avoid fibre congestion, the diameter of holes was set equal to 30 mm. The 
distance of hole from the border is limited by the relatively small thickness of concrete layer, that, based on the 
recommendations made in a first study (Lameiras et al., 2013a), was set at only 60 mm. Considering a minimum 
cover to the GFRP of 15 mm, value also limited by the maximum diameter of aggregate used in the concrete, the 
length that remains for the distance from the centre of hole to the laminate border is only 22.5 mm, meaning that the 
distance from the edge of hole to the laminate border is only 7.5 mm. On the other hand, even with all the 
aforementioned constraints, in a preliminary investigation [1, 2], the authors confirmed that the load capacity 
possible to be attained with the proposed PERFOFRP connection was enough to be used as connector for sandwich 
wall panels, enabling to take the advantages related to the use of this type of connector. 
Although the bearing behaviour of GFRP laminates is a subject well-researched and reported in the literature [4, 5, 
7-10], the authors considered that it was necessary to perform bearing tests that were representative of the geometry 
of proposed connections for a better understanding of the mechanical behaviour of the this particular type of 
connector. Thus, an experimental program was also undertaken in the scope of the present research, as to determine 
the failure mechanisms and the strain field around holes of this type of GRP connectors. More specifically, tensile 
tests were carried out on specimens formed by a multi-directional GFRP plate including a hole (herein designated as 
single-hole plate), where the hole was supported with a metallic pin to reproduce, as much as possible and in a 
feasible way, the anchorage conditions expected for the GFRP connector embedded in the sandwich panel concrete 
layers. The tests were performed for a range of laminate configurations and different positions of the hole relatively 
to the free-stress contour of the GFRP plate. Furthermore, the strain field in the vicinity of hole was assessed by 
using a full-field measurement technique, and also registering local measurements with electrical strain gauges.  
Finally, based on the experimental evidence of the pull-out tests presented in the first part of this companion paper 
[3] and on the results from the bearing tests here presented, an analytical framework is proposed for prediction of the 
load carrying capacity, when subjected to pull-out loads, of connections between PERFOFRP connectors and plain 
or steel fibre reinforced concrete. This analytical framework emerged from the interest on a better understanding of 
the functionality and anchorage mechanics of the proposed connectors, which will enable the optimization of the 
connectors’ geometry for different materials and applications (e.g.; optimization of distances between holes and 
from the stress-free edge). 
2 EXPERIMENTAL STUDY ON THE PIN-BEARING BEHAVIOUR OF PERFOFRP 
CONNECTORS 
2.1 Expected Failure Modes 
Despite the specificities of the PERFOFRP connectors, some similarities with the plates used in bolted joints can be 
still be found. For instance, apart from failure of the concrete pin in either shear or compression, it can be considered 
that the potential failure modes might be expected to be similar. Specific literature on strength of perforated plates 
for mechanically fastened joints [11, 12] generally considers that the failure of the connection occurs in one of the 
four potential modes illustrated in Figure 2Figure 2: net-tension, shear-out (or tear-out), bearing, and cleavage. 
    
(a) (b) (c) (d) 
Figure 2: Common failure modes described in the literature: (a) net-tension; (b) shear-out; (c) bearing; (d) 
cleavage. 
Net-tension is a lateral failure at the minimum cross-section perpendicular to the loading direction (Figure 2Figure 
2a). The stress that is introduced in net section is schematically represented in the Figure 3Figure 3a and can be 
determined from Eq. (1(1). 
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where Q  is the applied load, W  is the width of the specimen, hD  is the diameter of the hole, and pt  is the 
thickness of the laminate. This failure mechanism takes place when nt  reaches the direct tensile strength of the 
composite in the load direction. 
  
 
(a) (b) (c) 
Figure 3: Schematic representation of the stresses computed for: (a) net-tension; (b) shear-out; (c) bearing. 
Shear-out or tear-out is the rupture of the part below the hole due to the occurrence of two lateral failure surfaces 
with origin in the lateral extremities of the hole (Figure 2Figure 2b). The shear stress can be computed with 
Equation (2(2), 
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(2) 
where e  is the distance from the bottom edge to the lateral extremity of the hole (see Figure 3Figure 3b). If the shear 
stress so  reaches the shear strength of material, shear-out or tear-out failure occur. 
Bearing failure involves a local compression in the composite immediately beneath the loading pin (see Figure 
2Figure 2c). Despite the variation of compressive stress along the perimeter contact between the pin and the hole, it 
is usually assumed that the applied load acts uniformly on the projection of the perimeter of the bottom semi-
circumference of the hole on a surface perpendicular to the load direction (see Figure 3Figure 3c). The bearing stress 
is thus obtained with Equation (3(3). 
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Some researchers [12] have pointed out that due to the lack of plasticity of GFRP, a ductile behaviour for the 
connection is only attained when a bearing failure is observed. This happens because during bearing failure mode, 
the joint is able to support significant load after first failure. 
The cleavage is considered a mixed failure mode between the shear out and net tension that occurs due to relatively 
small edge distance [13, 14]. 
2.2 Factors Affecting Failure 
Several researchers [4, 8, 10, 12, 15-17] indicate that the type of failure mode that occurs in a fastened joint is 
mainly dependent on the width-to-diameter ( hW D ) and edge-to-diameter ( he D ) ratios. They also indicate that 
while a low hW D  favours the occurrence of net-tension, a low he D induces shear-out or cleavage failure modes. 
The type of composite material can also affect the overall behaviour of the connection. In an experimental 
investigation on bearing behaviour of an E-glass/vinyl-ester epoxy composite, Wu and Hahn [17] verified that a 
quasi-isotropic composite has higher ultimate bearing strength than chopped strand materials composite (CSM). 
Nonetheless, Smith and Pascoe [18] found that, for GFRP, the effect of different stacking sequence did not influence 
significantly the bearing strength. 
The effect of the lateral restraint on the material bearing strength for this type of test was evaluated in several studies 
[12, 15, 16] by comparing bolted to pinned bearing tests and also by evaluating the effect of the clamping torque on 
the bearing behaviour. These studies showed that lateral restraint always improved the bearing capacity of glass-
fibre and glass-fibre/aluminium laminates. This occurs when pure bearing failures mode are expected. As presented 
in section 2.1, this failure mode is related to the compressive forces in the composite immediately beneath the pin. 
Furthermore, delamination of laminate has also a tendency to occur, resulting in a mixture of compressive and 
delamination failure at the bolt hole. Thus, the applied clamping force prevents the expected delamination , which 
increases the failure load. 
In the specific case of the connectors proposed by the authors, the concrete tends to promote some lateral 
confinement of the laminate. Nonetheless, in the regions where the concrete is mainly under tensile stresses or if 
there is some transverse flexure, this favourable confinement effect can be rendered irrelevant. 
Previous studies [19-22] have shown that, when the composite plate is loaded by multiple pins, the bearing strength 
of the composite is dependent upon the ratio between the distance between the holes and their diameter. This aspect 
seems to be very significant on the proposed laminate connector, since it is comprised of several aligned holes (see 
Figure 1Figure 1). 
2.3 Experimental Program 
The experimental program, carried out at the Laboratory of the Structural Division of the University of Minho, 
included a total of 29 pin-bearing tests, with at least 3 identical tests of each variant. Emphasis was given on 
investigating the effect on failure modes and strength of single-hole plate of using: (i) different multi-directional 
GFRP; (ii) diverse distances between the hole and the free-stress edges of the specimen. 
In addition to the CSM and MU4 laminates employed in the tests with the GFRP vs. concrete connections under 
pull-out loads [3], in the pin bearing tests, two other materials were employed: BIA and MU2. Detailed description 
of laminates and the material properties of the four laminates employed in the pin-bearing tests are given in the first 
part of this companion paper [3]. 
2.4 Test Specimens 
For each one of the four types of materials tested, a large rectangular flat plate was prepared with about 
1500 × 1000 mm2. The specimens are cut out from the plates by a diamond saw. The longer dimension of the 
specimens (see Figure 4Figure 4) coincided with the 0° or 90° orientation axis of the material according to the 
referential shown in Figure 4Figure 4. The pin holes were then drilled by a 30 mm diamond grit hole saw. 
  
(a) (b) 
Figure 4: Type of specimens: (a) BEL; (b) LAT (dimensions in millimeters). 
Two types of tests, using different specimen geometries, were carried out for the determination of bearing strength. 
The specimens had different (W/Dh) and (e/Dh) ratios. These ratios intended to be representative of the two failure 
modes in the GFRP connectors observed on the pull-out tests presented in the first part of this companion paper [3]. 
The BEL specimen type (Figure 4Figure 4a) was designed to induce the cleavage failure mode in the region of the 
laminate immediately below the hole, while the LAT specimen type (Figure 4Figure 4b) was specially designed to 
cause a net-tension failure mode. The chosen values for the W/Dh and e/Dh ratios are representative of the 
connectors investigated in the first part of this companion paper [3], where a distance of 2.5·Dh between centre of 
holes was adopted. To simplify, in this paper the effect of multiple holes was not considered, and thus, the tested 
specimens with only comprise a single hole. The distances between the holes adopted in the connectors presented in 
Lameiras et al. [3] were based on recommendations resulted from studies with similar steel connectors [23, 24], 
where the ratio between distance between holes and the diameter of hole is mainly conditioned by concrete 
properties. 
2.5 Test Setup 
The test set-up used in this investigation was designed to be as representative as possible of the conditions imposed 
in pull-out tests performed with GFRP connectors in the first part of this paper [3]. 
Despite disregarding the confinement effect of the concrete surrounding the connector, the pin-bearing test 
configuration was the selected one for the present tests since it provides conservative results in terms of the strength 
capacity and ductility when compared to the expected behaviour of the connector when embedded in the sandwich 
panel. 
An aluminium pin with 30 mm diameter was tightly attached to the circular hole of specimen in the bottom 
extremity of the composite, and the gripping was made by a manual mechanical action wedge grip located on the top 
extremity of specimen (see Figure 5Figure 5a and Figure 5Figure 5b). To increase the specimen-grip friction and to 
avoid any specimen’s slippage, rough inner surface grips were used. An anchorage length of 90 mm for the GFRP 
laminate was always adopted to assure proper gripping conditions for all types of laminates tested. Steel tabs with 
1 mm thickness, 90 mm height and with the same width of the specimens were glued on their both sides in the 
gripping region. This was done as an attempt to assure, as much as possible, an uniform distribution of shear stresses 
in the zone where the load was transferred from the grip to the specimen, contributing to prevent a premature rupture 
of the specimen. 
  
(a) (b) 
  
(c) (d) 
Figure 5: Schematic representation of test-setups adopted for the pin-bearing tests: (a) original test setup 
(SIM): front view; (b) SIM: lateral view; (c) modified test setup (CAN): front view; (d) CAN: lateral view.  
 
More representative conditions of the reality would be obtained if a SFRSCC pin was used in the tests. However, 
besides some complexity associated with the production of a concrete pin, it would be possible to experience earlier 
failures in these pins, for a load level lower than the ones corresponding to the failure modes of the GFRP. Thereby, 
avoiding the occurrence of these types of failures modes was critical for the study of the intended mechanisms of 
rupture. Hence, aluminium was the selected material, in replacement of a commonly employed steel pin, because its 
modulus of elasticity is more approximated to that of concrete, while still maintaining tensile/shear strength levels 
that are high enough to avoid the failure within the pin. 
A double-lap single-pin joint was considered for the experimental model. The aluminium pin passed through a 
specially manufactured steel fork support that was attached to the base of the test machine crosshead, as represented 
in Figure 5Figure 5a and Figure 5Figure 5b. A variation of this test setup was also used in five additional tested 
specimens in order to have full visual access to one surface of the specimen during the tests, allowing to record the 
damage initiation and propagation for the different failure modes by using an optical full-field measurement 
technique. This variation of the test setup is illustrated in Figure 5Figure 5c and Figure 5Figure 5d, and was obtained 
by removing one side of the steel fork fixture where the aluminium pin was attached. By removing this part from the 
original device of the test setup, the aluminium pin became a cantilevered element (see Figure 5Figure 5). 
Hereinafter the original and modified test setups were designated by SIM (simply supported) and CAN 
(cantilevered), respectively. 
All the tests were performed in tension on a MicroTest (SCM4000) universal test machine (Figure 6Figure 6a), by 
imposing a displacement control, at constant cross-head speed of 2 mm/min. 
  
(a) (b) 
 
back view: front view: 
   
(c) (d) 
Figure 6: Instrumentation adopted: (a) clip-on gauge in the middle section of specimen; (b) schematic 
representation of three configurations adopted to measure the deformation in the proximity of hole; (c) detail 
of the ESG glued immediately below the hole of BEL specimen; (c) detail of ESG glued next to the hole of 
LAT / MU4 specimen. 
 
2.6 Instrumentation 
For each test, load versus displacement plots were obtained, where the displacement is obtained from the cross-head 
movement. The load was measured by a 200 kN load cell at a rate of 2 Hz. The load cell was connected in series to 
the cross-head and to the loading clamp device (Figure 5Figure 5). 
The nominal axial strain was measured in all tests using a clip-on gauge with a reference length of 50 mm, attached 
to the middle part of the specimens (see Figure 5Figure 5 and Figure 6Figure 6a). The strain distribution in the 
vicinity of the hole was experimentally determined by using several electrical strain gauges (ESG). As represented 
in Figure 6Figure 6b, at least one specimen of each test configuration and also of each GFRP material was 
instrumented with ESG. One ESG was placed immediately below the hole in the BEL specimens and one pair of 
ESG was glued at the left and right sides of the hole in the LAT specimens. These positions were chosen because 
they are the most susceptible to the occurrence of the highest strain gradients. The two ESG used in the LAT 
specimens were placed on the front and rear sides of the laminate in order to evaluate the symmetry of test, 
identifying the possible occurrence of bending due to some misalignment. For a better understanding of the strains 
development in the proximity of holes, one LAT/MU4 specimen (i.e.; LAT test configuration with a specimen 
comprising MU4 material) comprised additional strain measurement by using four electrical strain gauges arranged 
as illustrated in Figure 6Figure 6d. All the ESG were attached to the laminate at a distance of approximately 3 mm 
from the hole edge (distance measured between the middle section of ESG and the hole edge). 
The strain field around the hole connection was also evaluated by means of Digital Image Correlation (DIC). This 
white-light optical technique provides the full-field displacement of a target surface by correlating images recorded 
at different instants. The material surface must have a textured pattern, defining locally an unique feature-based 
region. At the scale of observation, a speckle pattern is created using a white-to-black spray painting technique to 
ensure suitable contrast and granular size. The quality of this pattern is relevant to ensure a good balance between 
spatial resolution and accuracy, which is particularly crucial in this application. In this work, the ARAMIS system 
by GOM was used [25-27]. The optical system was equipped with an 8-bit Baumer Optronic FWX20 digital camera 
coupled with a Zoom-Nikkor 28-105mm f/3.5-4.5D IF. The aperture, the lighting intensity and the shutter time were 
set to enhance contrast of the speckle image. Considering the characteristic dimensions of the region of interest, the 
optical magnification and the quality of the speckled pattern, a subset of 15×15 pixel2 (1.08×1.08 mm2), with an 
overlapping of 2 pixels for enhancing the strain spatial resolution, was chosen. The strain fields were determined by 
numerical differentiation of the displacement fields by least-square regression over a base length of 5×5 subsets2 
(5.4×5.4 mm2). From rigid-body translation tests [26, 28], an accuracy of 0.01-0.02 pixel (0.72-1.44 m) and 0.012-
0.035% was obtained for the DIC measurements of displacement and strain, respectively. 
2.7 Failure Modes 
In general, the BEL specimens presented a cleavage failure mode as the sequence exemplified in Figure 7Figure 7a. 
All BEL specimens exhibited similar behaviour, with initiation of failure at the zone of the minimum cross section 
area, immediately below the hole, followed by the appearance of two inclined failure lines due to the formation of 
two cantilevers in the second stage of failure propagation (see photos of BEL specimens after having been tested in 
Figure 8Figure 8). The failure mechanism was almost the same in all the BEL samples, differing only on the 
ductility of the responses. Still within BEL specimens, for the CSM laminates, the second failure lines occurred 
more abruptly than in the specimens comprising other types of laminates, as evidenced in Figure 10Figure 10. This 
may be justified by the existence of a high content of fibres on the ±45° directions in the other three laminates 
studied here. In fact, the behaviour of the ±45° laminates under direct tensile tests along the 0°/90° directions was 
always more ductile [29]. This effect was probably more pronounced in the bearing tests due to the higher 
anchorage length of the fibres arranged on the ±45° directions. 
  
(a) (b) 
Figure 7: Typical mixed failure sequence for: (a) BEL specimens; (b) LAT specimens. 
On the other hand, bearing and net-tension were the failure modes observed in the case of the LAT specimens. Most 
specimens showed a mixed bearing and net-tension failure mode as schematized in Figure 7Figure 7b. From the 
observations made during tests it was verified that the beginning of failure was characterized by a bearing damage 
followed by net-tension failure of the laminate. This was the failure mode found for all specimens comprising BIA 
and MU4 laminates (see tested specimens in Figure 9Figure 9). For these specimens the failure occurred in a 
relatively ductile fashion. In the specimens with ±45° plies, a whitening of a limited region was observed prior the 
net-tension rupture (see Figure 9Figure 9). This whitish region was limited by lines that start in the hole edge and 
finish in the free lateral edges, at an angle approximately equal to ±45° with the x axis. It was verified that this 
pattern was associated to the occurrence of a progressive delamination/damage due to the mobilization of inclined 
fibres. When the net-tension failure took place, it happened in a sudden way, generally with the propagation of a 
horizontal crack from the hole edge to the lateral edges of specimen. 
The difference between the failure modes of BEL and LAT specimens was attributed to the larger e/Dh (0.75 and 
2.17, for BEL and LAT specimens, respectively) and smaller W/Dh (3.00 and 2.50, for BEL and LAT specimens, 
respectively) ratios of LAT specimens. 
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Figure 8: Final appearance of BEL specimens. 
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Figure 9: Final appearance of LAT specimens. 
 
In the case of the four specimens tested according to the CAN test setup, a pronounced out-of-plane displacement 
was observed in all the specimens tested. Both CAN-BEL specimens present failure by cleavage, while both CAN-
LAT specimens failed by bearing. 
2.8 Bearing Behaviour and Strength  
The general bearing behaviour of laminates was obtained from the load versus displacement relationship. This 
relationship for BEL and LAT specimens is presented in Figure 10Figure 10 and Figure 11Figure 11, respectively. 
  
(a) (b) 
  
(c) (d) 
Figure 10: Load versus displacement curves for the BEL specimens: (a) CSM; (b) BIA; (c) MU2; (d) MU4. 
It was noticed that changing the test setup from a balanced solution (SIM) to a cantilevered fixture (CAN) led to 
different results. In general, different failure modes were obtained with CAN: the initial slope of the force versus 
displacement curves was smaller than the slope obtained for specimens tested under the SIM test setup, and the 
ultimate loads were significantly different from the ones obtained when the specimens are tested using the SIM 
configuration, but without a clear tendency. This particular behaviour obtained for the specimens tested under the 
CAN test setup possibly have been induced by the out-of-plane displacements observed during the tests when this 
configuration was used. Since in the real connection, within the sandwich panel, the laminate is surrounded by 
concrete that avoids the out-of-plane movements, the authors believe that the results obtained in the CAN 
configuration were less representative of the laminate working conditions in the sandwich panel than the results 
obtained in the SIM test setup. For this reason, the results obtained with the CAN test setup were disregarded in the 
analyses in terms of failure mode and ultimate load. The results from DIC technique, applied exclusively to the 
specimens tested with CAN setup, were then only used to obtain information on the strain concentrations in the 
vicinity of holes. 
 
(a) 
 
(b) 
 (c) 
 
(d) 
Figure 11: Load versus displacement curves for the LAT specimens: (a) CSM; (b) BIA; (c) MU2; (d) MU4. 
Figure 10Figure 10 and Figure 11Figure 11 show that a similar load versus displacement response was obtained in 
all specimens of same geometry and material tested in SIM conditions, which is an indication of the reliability of 
this test setup. 
In general, the load versus displacement curves showed a linear response of the specimens, followed by a nonlinear 
behaviour due to damage in the laminate zones of higher strain gradients adjacent to the hole. This nonlinear branch 
was longer and more pronounced in the LAT specimens, where the progressive damage due to bearing was more 
evident. Apart the BEL/CSM and LAT/MU4 specimens, above the deformation corresponding to maximum load the 
specimens continue to sustain significant part of the peak load up to relatively large axial deformation. In the post-
peak load stage of BEL/CSM and LAT/MU4 specimens, the load carrying capacity decreased pronouncedly (see 
Figure 10Figure 10a and Figure 11Figure 11d). For the LAT specimens a more clear load plateau was noticed, 
followed by a series of small loading and unloading cycles. Based on observations during tests, this behaviour was 
associated to visible successive damages related to bearing failure mode. The final failure of specimens occurred 
more abruptly when a net-tension failure took place (e.g.; compare the responses of LAT/MU4 specimens, which 
failed by net-tension after a short branch of progressive damage associated to bearing mode, with the responses of 
the other LAT specimens). This observed behaviour seems consistent with the results published by other authors 
[30, 31]. 
The ultimate loads, taken as the maximum sustained load for each specimen, are presented in Table 1Table 1. 
Table 1: Failure mode and ultimate load for each specimen. 
Geometry 
of 
specimen 
Laminate N. Failure mode 
Ultimate Load (Lu)  
Individual 
value 
Avg. CV 
[kN] [kN] [%] 
BEL 
CSM 
01 cleavage 6.27 
6.51 5.3 02 cleavage 6.90 
03 cleavage 6.35 
BIA 
01 cleavage 6.20 
6.28 1.5 02 cleavage 6.25 
03 cleavage 6.39 
MU2 
01 cleavage 6.54 
6.22 8.7 02 cleavage 5.59 
03 cleavage 6.53 
MU4 
01 cleavage 13.28 
12.96 2.5 02 cleavage 12.96 
03 cleavage 12.63 
LAT 
CSM 
01 bearing + net-tension 7.04 
9.74 21.1 
02 bearing + net-tension 11.91 
03 bearing 10.49 
04 bearing + net-tension 9.50 
BIA 
01 bearing + net-tension 11.32 
11.06 4.0 02 bearing + net-tension 11.32 
03 bearing + net-tension 10.54 
MU2 
01 bearing 12.17 
12.24 7.7 02 bearing + net-tension 13.22 
03 bearing 11.34 
MU4 
01 bearing + net-tension 24.53 
26.93 12.7 02 bearing + net-tension 29.37 
03 bearing + net-tension 26.89 
 
Apart the laminate MU4, small variation on ultimate load was observed between specimens fabricated with different 
types of laminates (see Table 1Table 1). The ratios between the average ultimate loads of BEL specimens 
comprising other types of laminates and the CSM laminate was: 0.96, 0.95 and 1.99, for BIA, MU2 and MU4 
laminates, respectively. For LAT specimens the respective ratios were: 1.13, 1.26 and 2.76. The higher ultimate load 
of MU4 in both specimen geometries (BEL and LAT) was due to its larger sectional area. In fact, while the ultimate 
loads obtained for the BEL and LAT specimens comprising MU2 laminate were, respectively, 6.22 kN and 
12.24 kN, the average ultimate load obtained for the correspondent MU4 specimens were 12.96 kN and 26.93 kN, 
that is, a factor 1.97 and 2.08 for the BEL and LAT specimens. These factors were similar to the ratio between the 
thicknesses of MU4 and MU2, that was equal to 1.82. 
Attention is paid to the fact that different failure modes led to similar ultimate loads in the LAT specimens made of 
CSM and MU2 laminates (see Table 1Table 1). This behaviour may indicate that for these specimens the bearing 
strength and the tensile strength in the net-section were achieved for similar load levels. 
By comparing the ultimate loads of BEL and LAT specimens (see Table 1Table 1), it was verified that for all tested 
laminates the failure by cleavage (BEL specimens) happens at a load level lower than the ultimate load 
corresponding to the bearing/net-tension failure on LAT specimens. The ratios between the average ultimate loads 
obtained by the LAT specimens and by the BEL specimens were equal to 1.50, 1.76, 1.97 and 2.08 to CSM, BIA, 
MU2 and MU4 laminates, respectively. This behaviour is consistent with that observed by the authors in the pull-out 
tests with GFRP connectors embedded in SFRSCC in the first part of this paper [3]. In fact, in the pull-out tests with 
perforated plate connector comprising CSM composite, failure usually occurred within the GFRP connector by 
cleavage immediately below the holes. Net-section failure only occurred in few cases. No bearing failure was 
observed for the specimens geometries tested in the pull-out tests. 
By comparing the results obtained in the laminates BIA and MU2 (see Table 1Table 1) is possible to conclude that 
for the studied fibre content, there was no relevant contribution of the fibres that are parallel and perpendicular to the 
load direction on the bearing strength of the connection, independently of the failure mode expected: cleavage or 
bearing. Moreover, the similar load capacity of the specimens failing by cleavage, regardless the type of laminate, 
suggested that for the geometry studied the load capacity was conditioned by the resin strength, not by the fibre 
content, type or arrangement. Such observed behaviour diverges from that found in the literature [32]. This probably 
happens due to the particular geometry of the specimens adopted in this work, that was set based on the constrains 
imposed by the geometry of the structural elements where the PERFOFRP connector is going to be applied. 
By comparing the ultimate loads obtained in the tests with BEL and LAT specimens, it can be concluded that, 
independently of the laminate used, the geometric configuration proposed for the connector in the experimental 
program presented in the first part of this paper [3] was more prone to suffer a failure by cleavage immediately 
below the hole than a net-tension failure or even a bearing failure. Thus, it can be concluded that, for the materials 
and geometries studied in this research, the strength capacity of the proposed connectors was limited by the distance 
between lateral extremities of the hole and the below free edge of specimen (distance e indicated in Figure 3Figure 
3). In the case of the proposed connectors, this distance was conditioned by the thickness of the SFRSCC layers of 
the sandwich panels [33], and a value of 22.5 mm was adopted (7.5 mm + Dh/2). 
2.9 Strains 
Table 2Table 2 provides a summary of the experimental data in terms of maximum strains measured in the gross-
section of laminate of all the specimens (in the reference length of the clip-gauge). The results indicated that in the 
BEL specimens a maximum of 77.8% of the elastic limit strain and 18.1% of the ultimate limit strain are attained 
respectively for one of the specimens comprised of MU4 and CSM laminates. Moreover, when LAT geometry was 
considered, apart from CSM laminate, all the other laminates present strains in the gross section higher than the 
elastic limit strain, attaining a maximum of 299.4% of the elastic limit strain in the BIA laminate. However, the 
strains were always lower than the ultimate limit strain of the respective laminates since failure at the gross-section 
was not observed in these laminates. 
Table 2: Strain attained in the gross section of specimen. 
Geometry 
of 
specimen 
Laminate N. 
Maximum gross strain (εgr) 
εgr / εpt.el εgr / εpt.u Individual 
value 
Avg. CV 
[με] [με] [%] [%] [%] 
BEL 
CSM 
01 1908 
2475 27.9 
10.5 10.5 
02 3246 18.1 18.1 
03 2272 12.3 12.3 
BIA 
01 2422 
2388 7.6 
24.5 1.4 
02 2549 25.9 1.5 
03 2193 21.9 1.3 
MU2 
01 1963 
1924 15.5 
47.9 9.5 
02 1607 32.9 6.5 
03 2201 47.0 9.3 
MU4 
01 2470 
2800 35.8 
56.5 10.6 
02 3927 77.8 14.6 
03 2003 39.0 7.3 
LAT 
CSM 
01 3388 
4307 19.0 
18.9 18.9 
02 4576 25.5 25.5 
03 - - - 
04 4956 27.5 27.5 
BIA 
01 29845 
22232 30.7 
299.4 17.1 
02 20227 203.2 11.6 
03 16625 167.0 9.6 
MU2 
01 8019 
9389 23.3 
166.3 33.1 
02 8233 171.5 34.1 
03 11914 248.3 49.4 
MU4 01 6547 9764 19.0 131.2 24.6 
02 9175 232.2 43.5 
03 13569 271.0 50.7 
 
The shear-out stress versus local strain curves obtained from the surface strain gauges placed immediately below the 
holes of BEL specimens are shown in Figure 12Figure 12. From the results in this figure, the different ductility of 
both types of laminates for this loading conditions is quite visible. An initial linear response was observed followed 
by a branch that progressively becomes nonlinear. This nonlinear branch was, however, not observed in the CSM 
laminate. In fact, this laminate presented an almost linear relationship up to a brittle failure occurrence. In this test, 
the ultimate stress was attained for a strain approximately equal to 13500 με. This value corresponds to 75% of 
ultimate limit strain obtained from the direct tensile tests with the laminate. This apparent premature failure may 
reflect the fact that the strain gauge was attached to the laminate at a distance of approximately 3 mm from the hole 
edge, while it was expected that the highest strain levels are developed immediately in the vicinity of the hole. 
As might be expected from a knowledge of the direct tensile behaviour of the studied composites, the BIA laminate 
presented the most nonlinear response, and the MU2 and MU4 showed an almost bilinear response up to attain a 
pseudo-plastic phase (see Figure 12Figure 12c and d). This pseudo-plastic stage was also developed in BIA 
laminates after the ultimate limit strain was attained (see Figure 12Figure 12b). 
The bearing stress versus local strain curves obtained from the longitudinal and transversal strain gauges are shown 
in Figure 13Figure 13. By comparing the readings from strain gauges symmetrically positioned in laminates, it can 
be concluded the out-of-plane deformation was almost null (see Figure 13Figure 13a to Figure 13Figure 13e). Apart 
from CSM specimens, the remaining specimens exhibited a pronounced nonlinear behaviour. For the CSM and 
MU2 unloading was observed in a stage when the strain level in the lateral vicinity of the hole was much lower than 
the ultimate limit strain of the respective laminates (see Figure 13Figure 13a and Figure 13Figure 13c). After this 
unloading occurrence, the initial stress-strain trend was not maintained and a reduction in the strains in the CSM 
specimen was observed (see Figure 13Figure 13a). In the MU2 specimen, an asymmetric behaviour was noticed 
after the unloading (see Figure 13Figure 13c). These responses can be justified by considering the damage 
configuration in specimens shown in Figure 9Figure 9, since it was caused by the progressive failure by bearing. 
This reduction of strain level at the lateral vicinity of the holes was expected to happen, once the hole was elongated 
down by bearing, leading to maximum strains occurring in the region located near the pin. 
  
(a) (b) 
  
(c) (d) 
Figure 12: Shear-out stress vs. engineering strain εx in the proximity of hole corresponding to BEL 
specimens. Laminates: (a) CSM; (b) BIA; (c) MU2; (d) MU4. 
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 13: Bearing stress vs. engineering strain in the proximity of hole corresponding to LAT specimens: 
(a) CSM; (b) BIA; (c) MU2; (d) MU4 – front and back; (e) MU4 – left and right; (f) MU4 – below. 
 
Strain fields during the loading process were obtained for all the specimens using Digital Image Correlation (DIC) 
technique. Figure 14Figure 14 and Figure 15Figure 15 represent the variations of strain fields on a BEL specimens, 
while the variations of strain fields on LAT specimens are presented in Figure 16Figure 16 and Figure 17Figure 17. 
   
 
(a) (b) (c) 
   
(d) (e) (f) 
Figure 14: Engineering strain field evolving along the test for a BEL/CSM specimen. (a) 
x (50% of Fmax); (b) x
(75% of Fmax); (c) x (100% of Fmax); (d) y  (50% of Fmax); (e) y  (75% of Fmax); (f) y  (100% of Fmax). Units: [ ]. 
Normal compression strain is positive. 
 
   
 
(a) (b) (c) 
   
(d) (e) (f) 
Figure 15: Engineering strain field evolving along the test for a BEL/MU2 specimen. (a) 
x (50% of Fmax); (b) x
(75% of Fmax); (c) x (100% of Fmax); (d) y  (50% of Fmax); (e) y  (75% of Fmax); (f) y  (100% of Fmax). Units: [ ]. 
Normal compression strain is positive. 
 
   
 
(a) (b) (c) 
   
(d) (e) (f) 
Figure 16: Engineering strain field evolving along the test for a LAT/CSM specimen. (a) 
x (50% of Fmax); (b) x
(75% of Fmax); (c) x (100% of Fmax); (d) y  (50% of Fmax); (e) y  (75% of Fmax); (f) y  (100% of Fmax). Units: [ ]. 
Normal compression strain is positive. 
 
   
 
(a) (b) (c) 
   
(d) (e) (f) 
Figure 17: Engineering strain field evolving along the test for a LAT/MU2 specimen. (a) 
x (50% of Fmax); (b) x
(75% of Fmax); (c) x (100% of Fmax); (d) y  (50% of Fmax); (e) y  (75% of Fmax); (f) y  (100% of Fmax. Units: [ ]. 
Normal compression strain is positive. 
 
The engineering normal and shear strain diagrams along 4 representative sections (L1 to L4), for different load 
levels, are presented in Figure 18Figure 18 to Figure 21Figure 21 for BEL specimens and Figure 20Figure 20 and 
Figure 21Figure 21 for LAT specimens. 
For all the specimens, it is clear that the loading leads to an increasingly higher strain concentration at the 
ydirection in the nearby the hole, along section L1 (see Figure 18Figure 18a, Figure 19Figure 19a, Figure 20Figure 
20a and Figure 21Figure 21a). In this case, the strain values in BEL/CSM specimens were a little higher than the 
strain values measured in BEL/MU2 specimens. Nonetheless, for BEL specimens, the highest tensile normal strains 
were found for at xdirection along the line L3, between the hole and the bottom edge (see Figure 18Figure 18b and 
Figure 19Figure 19b). In L3 alignment, the tensile normal strains were higher in BEL/MU2 specimens than in 
BEL/CSM specimens. This pattern is coherent to the failure modes obtained for this type of specimen. Furthermore, 
it is clear in Figure 19Figure 19b that there was some flexure in the region below the hole, with higher tensile strains 
in the nearby of the bottom edge of specimen. Shear strains along lines L2 and L4 present similar magnitude in 
BEL/MU2 specimen (see Figure 19Figure 19e and Figure 19Figure 19f), indicating that the test was performed in a 
symmetric way. The same does not happen for the BEL/CSM specimen (see Figure 18Figure 18e and f). 
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 18: Engineering strain evolving along representative lines for a BEL/CSM specimen: (a) y along line L1; 
(b) 
x along line L3; (c) y along line L3; (d) xy along line L3; (e) xy along line L2; (f) xy along line L4. Normal 
compression strain is positive. Shear strain is positive if it represents a decrease on the angle between the sides of an 
element of material lying parallel to the positive x and y axes. 
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 19: Engineering strain evolving along representative lines for a BEL/MU2 specimen: (a) y along line L1; 
(b) 
x along line L3; (c) y along line L3; (d) xy along line L3; (e) xy along line L2; (f) xy along line L4. Normal 
compression strain is positive. Shear strain is positive if it represents a decrease on the angle between the sides of an 
element of material lying parallel to the positive x and y axes. 
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 20: Engineering strain evolving along representative lines for a LAT/CSM specimen: (a) y along line L1; 
(b) 
x along line L3; (c) y along line L3; (d) xy along line L3; (e) xy along line L2; (f) xy along line L4. Normal 
compression strain is positive. Shear strain is positive if it represents a decrease on the angle between the sides of an 
element of material lying parallel to the positive x and y axes. 
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 21: Engineering strain evolving along representative lines for a LAT/MU2 specimen: (a) y along line L1; 
(b) 
x along line L3; (c) y along line L3; (d) xy along line L3; (e) xy along line L2; (f) xy along line L4. Normal 
compression strain is positive. Shear strain is positive if it represents a decrease on the angle between the sides of an 
element of material lying parallel to the positive x and y axes. 
 
On the other hand, the engineering strain diagrams along the representative lines of LAT specimens, presented in 
Figure 20Figure 20 and Figure 21Figure 21, show that the tensile normal strain y  level attained in the BEL 
specimens was not achieved in LAT specimens, but similar strain distribution patterns were found, as these values 
increase towards the proximity with the holes in all tested specimens. However, a high compressive strain at 
ydirection in the vicinity of the hole was observed for both LAT specimens along line L3 (see Figure 20Figure 20c 
and d). In fact, the existence of this strain concentration just below the hole explains the bearing failure in the LAT 
specimens. 
3 PROPOSAL OF AN ANALYTICAL MODEL FOR PREDICTING LOAD CAPACITY OF 
PERFOFRPCONCRETE CONNECTIONS UNDER TRANSVERSAL LOADS 
In this section an analytical framework to predict the ultimate load capacity of connections consisting on 
PERFOFRP connectors and concrete is described. In order to be able to undertake the validation of the proposed 
model and for the sake of simplicity, it was limited to the same laminates employed in the pull-out tests presented in 
the first part of this paper, that are: CSM and MU4 laminates. 
As noticed in the performed experimental program [3], one particularity of connections consisting of PERFOFRP 
connectors and concrete is the fact that, when loaded transversally (under pull-out loads), the failure of the 
connection can be conditioned by the rupture of the connector itself. Thus, the formulation herein proposed to 
evaluate the load capacity of this type of connection needs to take into account both the possibility of rupture of 
GFRP connector and of concrete, as shown in Eq. (4(4). 
. .
.
. .
min
pr
tr u ppr
tr u
pr
tr u c
Q
Q
Q

 

 (4) 
where . .
pr
tr u pQ  is the predicted ultimate transversal load conditioned by the rupture of the GFRP connector and . .
pr
tr u cQ  
is the predicted ultimate transversal load conditioned by the rupture of the concrete. 
3.1 Evaluation of the load capacity of the connections conditioned by the rupture of the GFRP connector 
Based on the experimental observations of pull-out tests presented in the first part of this paper [3] and on the 
experimental failure modes of the pin-bearing tests, the analytical framework made to predict the load capacity of 
PERFOFRP connections under transversal loads, . .
pr
tr u pQ , considers the possibility of occurring the four types of 
failure: net-tension ( . . .
pr
tr u p ntQ ), shear-out ( . . .
pr
tr u p soQ ), bearing ( . . .
pr
tr u p beQ ) or cleavage ( . . .
pr
tr u p clQ ). In the proposed 
model, the load capacity of connection conditioned by the GFRP laminate is the minimum value among these 
values, as written in Eq. (5(5). 
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3.1.1 Net-tension failure 
The maximum stress that can be introduced in net section ( .maxnt ) is determined from Eq. (6)(6), considering the 
following assumptions: the cumulative effect of multiple aligned holes is disregarded; Eq. (1)(1) is used to obtain 
the stress introduced in net section between the holes; the strain/stress concentration observed in the pin bearing 
tests is taken into account (see Figure 18Figure 18a, Figure 19Figure 19a, Figure 20Figure 20a and Figure 21Figure 
21a), 
 .max
tr
nt I
h p
Q
K
W D t
  
 
 (6) 
where trQ  is the applied load, W  is the gross width of the laminate with one hole, hD  is the diameter of the hole, 
and 
pt  is the thickness of the laminate. IK  is the stress intensity factor under mode I fracture. IK depends on the 
hW D  ratio and of type of laminate (i.e.; the stacking sequence and total content of fibres per direction) [34]. 
In the proposed model, it is considered that the failure mechanism in the connector takes place when .maxnt  
reaches the direct tensile strength of the composite in the load direction. Then, replacing .maxnt  by the tensile 
strength of composite, 
.pt u , and considering that the ultimate load of connector is related to the total number of 
holes, nh, the load capacity of connector was predicted with the Eq. (7)(7). 
 .
. . .
pt u h h ppr
tr u p nt
I
W n D t
Q
K
  
  (7) 
IK  can be computed from Eq. (6)(6) using the data obtained in bearing tests with LAT/CSM and LAT/MU4 
specimens. In fact, in the bearing tests with single hole specimens consisting of CSM and MU4 laminates, a mix of 
bearing and net-tension failure was attained. (i.e.; see results from Table 1Table 1 and failure modes of Figure 
9Figure 9). In the bearing tests with LAT specimens average failure loads equal to 9.74 kN and 26.93 kN were 
obtained for CSM and MU4 laminates, respectively. IK  equal to 2.33 and 1.23 were obtained replacing these 
values in Eq. (7(7), considering hn  equal to 1.0, W  equal to the width of LAT specimens (75 mm), and .pt u equal 
to the tensile strength of CSM and MU4 laminates in the load direction (252.54 MPa and 183.48 MPa, respectively). 
In the LAT specimens used for bearing tests the distance between the hole and the lateral edge of laminate was 
Formatted: English (United States)
representative of a 3H connector. For the sake of simplicity and due the lack of data to estimate the effect of hD W  
ratio, IK  was considered constant independently of the distance between holes. This is a reasonable simplification, 
taking into account that the distance between holes is going to be always around the values representative for 3H 
and 4H connectors used in this research. 
3.1.2 Shear-out: 
The shear out stresses were computed considering Eq. (2)(2). In this case, no stress concentration factors were 
considered because the shear strains along the lines that is supposed to obtain the maximum shear out stresses were 
almost uniform (see Figure 18Figure 18, Figure 19Figure 19, Figure 20Figure 20 and Figure 21Figure 21 e and f). 
In the proposed model, it is considered that if the shear stress so  reaches the shear strength of composite, shear-out 
failure occurs. Thus, the ultimate load of connector conditioned by the shear-out failure can be obtained replacing 
the shear-out stress by the shear strength of laminate and taking into account the number of holes of connector, hn  
(see Eq. (8(8)). 
. . . .2
pr
tr u p so xy u h pQ n e t      (8) 
where 
.xy u  is the shear strength of the laminate corresponding to the direction where the xaxis of material is 
perpendicular to the fracture line (see Figure 3Figure 3). This value was obtained only for the CSM laminate (
. 39.061  xy u MPa  ), reason for the absence of estimations for the load capacity of connectors with MU4 
conditioned by the shear out failure of connectors in this work. 
3.1.3 Bearing: 
As done in Eq. (3)(3), the variation of compressive stress along the perimeter contact between the pin and the hole 
was disregarded in the proposed model, and the applied load was assumed acting uniformly on the perimeter of the 
bottom semi-circumference of the hole (see Figure 3Figure 3c). Thus, the ultimate load of connector conditioned by 
bearing was obtained replacing the stress by the compressive strength of CSM and MU4 laminates. Taking into 
account that the load transferred for each hole is hQ n , where hn  is the number of holes of connector, the predicted  
as given in Eq. (9(9). 
.. . .
pr
pc u h h ptr u p beQ n D t     
(9) 
where .pc u  is the compressive strength of the laminate corresponding to the load direction (0°/90°). The 
compressive strength of laminates used in this research work was not directly characterized Nonetheless, in the 
bearing tests with LAT specimens the CSM and MU4 laminates presented a combined rupture mode, failing at 
similar load levels by net-tension and bearing failure. In this manner, the compressive strengths of CSM and MU4 
laminates were estimated using Eq. (9(9) and the data obtained from bearing tests with CSM-LAT and MU4-LAT 
specimens for hn  equal to 1.0. Considering that the average load capacities of CSM-LAT and MU4-LAT specimens 
were equal to 9.74 kN and 26.93 kN (see Table 1Table 1), values equal to 162.33 MPa and 224.42 MPa were 
obtained for 
.pc u  of CSM and MU4 laminates, respectively. 
3.1.4 Cleavage 
To estimate the maximum load capable to be applied to the system prior the failure by cleavage, it was considered 
that the load applied to the connection ( Q ) is equally distributed among the holes ( hQ n ) and the load transferred 
to each hole is constant and uniformly distributed along the lower half of the hole ( hp ), as shown in Figure 
22Figure 22. Thus, the distributed load in each hole ( hp ) was obtained dividing the total load applied to the 
connector by the number of holes and by the arch length that is distributed, as given in Eq. (10(10). 
2
h
h h
Q
p
n D


 
 (10) 
The internal forces and the engineering stresses along the xdirection in the section immediately below the hole 
(section s  shown in Figure 22Figure 22) were estimated by modelling the hole as a simply clamped arch with 
rectangular section with height equal to ( 2he D ) and width equal to pt , as shown in Figure 22Figure 22. In such 
a way, the maximum axial stresses in the crown of the clamped arch were computed using the formulae proposed by 
Dym and Williams [35]. 
 
 
(a) (b) 
Figure 22: Model used to calculate the maximum axial stresses in the section s: (a) load uniformly 
distributed in the lower bound of the connector; (b) clamped arch used to compute the internal forces 
and axial stresses. 
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To take into account the uncertainties related to the problem (i.e.; distribution of the load transferred from the 
concrete dowel to the connector, anisotropy of the MU4 laminate, among others), a correction factor  was 
introduced in the stress equation. The maximum normal tensile stress in the xdirection, developed in the section s  
was calculated by the Eq.(11)(11). 
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Replacing the equation Eq. (10)(10) in Eq. (11)(11), the maximum normal stress can be given by the Eq. (12)(12) 
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Considering that the rupture of the connection by cleavage happens when the ultimate tensile stress of the laminate 
in the xdirection, 
.pt u , is attained in the section s , the load capacity of the connection conditioned by cleavage, 
. . .
pr
tr u p clQ , can be predicted by the Eq. (13)(13) isolating Q  and replacing .maxx by .pt u in Eq. (12)(12). 
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 (13) 
The values of the correction factor   can be determined applying the Eq. (13)(13) to the pin-bearing tests that failed 
by cleavage, that is, tests with BEL specimens (see Table 1Table 1 and Figure 8Figure 8). Using 1hn   and 
adopting for Q the ultimate load obtained in the bearing tests,  values equal to 1.534 and 0.991 were obtained for 
CSM and MU4 laminates, respectively. 
3.2 Evaluation of the load capacity of the connections conditioned by the rupture of concrete 
As evidenced in the performed pull-out tests presented in the first part of this paper [3], when the rupture of concrete 
conditioned the load capacity of connections two main failure modes were evidenced: the concrete cone tensile 
fracture and the failure along the contact planes between the connector and concrete, i.e.; a combination of failure of 
concrete dowels and by friction/adhesion. Thus, the predicted load capacity of connection conditioned by the rupture 
of concrete, . .
pr
tr u cQ , can be obtained as the minimum value between the predicted rupture load by concrete cone 
fracture, . . .
pr
tr u c cfQ , and by shear along the contact line between the connector and the concrete, . . .
pr
tr u c dfQ , as given 
by Eq. (14)(14). 
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3.2.1 Concrete cone tensile fracture 
Concrete cone failure was observed for the studied connections consisting of SCC and SFRSCC, as shown in the 
first part of this paper [3]. This failure mode, named after the roughly cone shape of the piece of concrete witch pulls 
out in this kind of failure, hapens in the concrete block when principal tensile stresses transferred from the connector 
to the surrounding concrete reach its tensile strength and the concrete fractures along the surface that is the envelope 
of the compression isostatics. This is a failure mode commonly reported in pull-out tests with anchors, steel rebars 
and laminates embedded in concrete [36-38]. Several equations have been already proposed to predict the concrete 
breakout capacity [37, 39-42]. In general, predictions are made utilizing an idealized failure cone characterized by 
an effective height, eh  and considering a uniform tensile stress distribution in the concrete at failure (see Figure 
23Figure 23). In general, the existing equations compute the cone load capacity as the resultant of tensile stresses 
equal to maximum concrete tensile strength, ctf , directed parallel to the applied load and acting on the projected 
area of the failure cone, 
.0prA . Considering that the cone angle is   (see Figure 23Figure 23), the projected area can 
be estimated by 
2
2 tan
eh

 
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(a) (b) 
Figure 23: Schematic representation of concrete cone failure: (a) perspective; (b) cross-section. 
 
Although primarily developed for headed anchors, the formulae proposed by ACI Committee 349 [40] were adapted 
to estimate the load capacity of connections made with PERFOFRP connectors. As done by ACI Committee 349, a 
cone angle of 45 was considered. Based on the experimental observation, the apex of the cone failure was 
considered to be in the lower edge of the concrete dowels, aligned with the middle of hole and with the thickness of 
the connector, as shown in Figure 23Figure 23. Thus, the load capacity of connector could be estimated by the Eq. 
(15)(15). 
. .
pr
ct prtr u cfQ f A   
(15) 
where ctf  is the tensile strength of concrete and prA  is the sum of the projected area of individual cones in a 
surface normal to the load direction, minus the areas of overlap and areas cut off by intersecting edges (see Figure 
24Figure 24).The total projected area, 
.0prA , corresponding to all the cone failures, one for each of the hn  holes of 
connector, was computed from Eq. (16)(16). 
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Figure 24: Determination of projected areas (plan view). 
 
If the hole was located near a free edge, the projected area of the stress cone was reduced if the cone intersects the 
edge of the concrete (see Figure 24Figure 24). The edge problem resulted if  1 tan 1ec h   . The amount to be 
reduced can be found by calculating the areas lost due to the proximity of all the edges i, . .lost ed iA , using the 
Eq.(17)(17). 
2
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where  was the angle represented in Figure 24Figure 24, given in degrees, and can be computed by Eq.(18)(18). 
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The total projected area was also reduced in the presence of multiple closely spaced cones if their failure surfaces 
overlapped. Considering an evenly distribution of holes spaced by 1s  (see Figure 24Figure 24), the overlap problem 
resulted if  1 2 tan 1es h   . Thus, the total overlapped area can be computed by Eq.(19)(19). 
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where  was the angle represented in Figure 24Figure 24, given in degrees, and was computed by Eq.(20)(20). 
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Finally, the net projected area was equal to the difference between the projected area corresponding to a hole, not 
limited by edge influences (
,0prA ), and the sum of the areas of segments formed by the n edges of the concrete 
acting as secant, as given by Eq.(21)(21). 
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The concrete average tensile strength, ctf , was estimated from the compressive strength of SCC and SFRSCC by 
means of the formulae present in the fib Model Code 2010 [43], shown in Eq.(22)(22), resulting in 4.41 MPa and 
4.33 MPa for the SCC and SFRSCC, respectively. The contribution of steel fibres to the tensile strength of the 
SFRSCC was disregarded because the fibres volume fraction commonly used in steel fibre reinforced concretes are 
not sufficiently high to lead to increases on the tensile strength of the cementitious composite [44]. 
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Attention should be paid to the fact that, in the proposed model, the effect of adjacent holes on the failure of the 
GFRP plates is eliminated, while the effect of adjacent cones on SFRSCC failure is considered. The reason for this 
decision is the fact that a model that takes into account the effect of the adjacent holes on the failure of the GFRP 
plates would be much more complex than the proposed model. For a comprehensive consideration of this effect, it 
would be necessary to account for the anisotropic properties of GFRP and variables like the size and direction of 
glass fibres, for example. Note that the type of GFRP (mainly the direction of fibres) influences significantly the 
type of failure mode (i.e., geometry of failure). For the sake of simplicity, this effect was disregarded. On the other 
hand, it is much more reasonable to consider the SFRSCC as an isotropic material and that the failure mode and 
geometry of the concrete failure cone are not affected by the concrete properties. 
3.2.2 Shear along the contact line between the connector and the concrete (Shear in the Concrete Dowels 
plus Friction/Adhesion) 
Two different mechanisms are associated to the failure by shear along the contact area of connector and concrete: 
shear in the concrete dowels and friction/adhesion between the concrete and the two connector's contact surfaces. 
The shear along the concrete dowels can be computed considering two hypotheses: (1) simple shear; (2) double 
shear occurs in the dowels. In the experimental study, after the pull-out tests it was evidenced in some cases that a 
slice of concrete remained in the hole of MU4 connectors, what could indicate that double shear is present when 
MU4 laminates, thicker than CSM laminate, is adopted. 
The ultimate shear stress of concretes, c , were estimated using the empirical shear transfer model developed by 
Khanlou et al. [45], presented in Eq.(23)(23). This prediction model is based on regression analysis of data obtained 
from direct shear tests with hooked-end steel fibre reinforced concretes.  
0.90.75 4c ck ff V      (23) 
where c  and ckf  are in MPa and fV  is the volume fraction of steel fibres, expressed as a percentage. Using 
61.88ckf  MPa and 0.774%fV   (i.e.; 60kg/m
3), the ultimate shear stress of SFRSCC was estimated in 9.08 MPa. 
In the absence of fibres Eq.(23)(23) reduces to 0.75c ckf   , which is the shear strength of plain concrete. This 
equation was used to compute the ultimate shear stress of SCC (found 5.9 MPa using 59.12ckf  MPa). 
The friction/adhesion contribution was estimated from the experimental data obtained in the pull-out tests for 0H 
specimens, where only the friction/adhesion is present. A uniform stress distribution was considered, the 
friction/adhesion stress, that is related to the GFRP and concrete types, was computed dividing the peak load to the 
area of contact between the materials, considering the occurrence of double shear. Thus, considering the average 
peak load obtained in the pull-out tests and the contact area, friction/adhesion strengths, 
fr , equal to 0.83 MPa, 
0.65 MPa, 0.99 MPa and 0.90 MPa were obtained for connections: CSM-SCC, CSM-SFRSCC, MU4-SCC and 
MU4-SFRSCC, respectively. Thus, the parcel of the load corresponding to the friction/adhesion is obtained 
multiplying fr to the net contact area between the connector and the concrete. Differently from the equation of Sara 
and Bahram [46], the second term of Eq. (24)(24) considers the net contact area between the concrete and the 
connector. 
Therefore, joining both effects: shear in the concrete dowels and friction/adhesion, the load capacity conditioned by 
this failure mode was estimated by Eq. (24)(24), considering simple shear. 
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where  h hs hiW D c c   is the gross area corresponding to the region of connector that is embedded in the 
concrete, as shown in Figure 23Figure 23. 
3.3 Model validation 
In the Table 3Table 3 the experimental and analytically predicted transversal load capacity of tested PERFOFRP 
connectors are compared. When the predicted load capacities of connections are compared to the values obtained 
experimentally, an average error of 19.57% was obtained. 
The proposed model was able to predict very well the failure modes associated to the use of the different types of 
PERFOFRP connectors investigated. For instance, in the case of 3H-CSM-SCC and 3H-CSM-SFRSCC, a failure 
mode by cleavage of the CSM connector was predicted, which corresponds to what was experimentally evidenced. 
In average, the model underestimated the load capacity of 3H-CSM-SCC and 3H-CSM-SFRSCC connections on 
1.05% and 16.36%, respectively. 
In the case of connections consisted of MU4 PERFOFRP, the predicted load capacity of connections were always 
conditioned by the rupture of the concrete. For 3H-MU4-SCC, the predicted failure mode was due to shear along the 
contact line between the connector and the concrete. In the other hand, for 3H-MU4-SFRSCC and 4H-MU4-
SFRSCC a concrete cone failure was predicted. Nonetheless, attention should be paid to the fact that, for the MU4 
PERFOFRP connectors, the values of . .
pr
tr u cfQ and . .
pr
tr u dfQ were always quite similar. In fact, as reported in the first 
part of this companion paper [3], it was experimentally observed that these connections presented both types of 
rupture. 
4 Conclusions 
In this study, an in depth investigation was conducted on the mechanical behaviour of connections between concrete 
and PERFOFRP connectors when subjected to transversal loads. For a better understanding of the failure modes 
possible to occur by the rupture of the GFRP connector itself, an experimental investigation with 29 pin bearing 
tests was carried out with single hole plates made with different types of laminates. Based on the observed 
experimental behaviour of connections presented in the first part of this paper, and on the results of the pin-bearing 
tests, an empirical model was proposed to predict the ultimate load capacities of the studied connections.  
The results of pin-bearing tests indicated that, for the geometries and materials used in this investigation, when 
subjected to pull-out forces, the load capacity of the connectors is limited by the distance between the hole and the 
bottom edge of specimen, independently of the composite used. Furthermore, the advantage of using BIA and MU2 
laminates instead of CSM laminate seems to be the more ductile rupture mode obtained when these materials are 
employed. In absence of the geometrical constrains encountered in this research that limits the distance between the 
hole edge and the below edge of connector, it is recommended to design the connector in order to avoid the rupture 
by cleavage. The experimental results obtained with LAT specimens indicate that, for all the materials studied and 
considering a connector with holes distanced 2.5 D apart, when a ratio e/D equal to 2.17 is adopted, the rupture 
tends to be more ductile. From observations during tests, this pseudo-ductile behaviour is associated to successive 
damages related to bearing failure mode. 
The proposed empirical model considered that the load capacity of the connection can be limited by all the possible 
failure modes that can occur in the connector itself and also by the different failure modes associated to the rupture 
of concrete. The validity of the proposed formulae was checked and its capability to estimate the failure mode of the 
failure modes obtained in the pull-out experimental program was proved. When the predicted ultimate load 
capacities of connections were compared with the experimental results presented in the first part of this paper, an 
average error of 19.57% was obtained. Despite its good ability to predict experimental results, the model proposed 
in this paper should be used cautiously, since it was constructed based on an experimental results with a specific 
geometry (e.g., hole diameter and spacing between holes) and a limited number of materials (i.e., two types of 
GFRP and two types of concrete). 
In further studies improvements should be implemented in the proposed model, namely in regard to considering the 
effect of the presence of multiple aligned holes in the connector or to explicit the effect of the properties of 
composites used in the connector. Also, the model shall be used to optimize the design of the connectors in terms of 
geometry and material properties in order to obtain a ductile failure mode at a certain required load level. 
ACKNOWLEDGEMENTS 
This work is part of the research project QREN number 5387, LEGOUSE, involving the companies Mota-Engil, 
CiviTest, the ISISE/University of Minho and PIEP. The first author would like to thank the financial support 
provided by PAIP/UNILA. The second author wish to acknowledge the grant SFRH/BSAB/114302/2016 provided 
by FCT. 
  
*- corresponding author. 
Table 3: Comparison between experimental and analytically predicted pull-out resistance of connections. 
Specimen 
Qtr.uexp 
[kN/m] 
Conditioned by connector rupture Conditioned by concrete failure 
Predicted 
failure 
mode** 
Qtr.upr 
[kN/m] 
Error  
[%] Qtr.u.p.nt
pr
 
[kN/m] 
Qtr.u.p.sopr 
[kN/m] 
Qtr.u.p.bepr 
[kN/m] 
Qtr.u.p.clpr 
[kN/m] 
Qtr.u.ppr 
[kN/m] 
Qtr.u.c.cfpr 
[kN/m] 
Qtr.u.c.dfpr 
[kN/m] 
Qtr.u.cpr 
[kN/m] 
3H-CSM-SCC 01 69.1 137.26 153.22 118.78 79.51 79.51 118.67 111.09 111.09 p.cl 79.51 15.1 
3H-CSM-SCC 02 91.6 137.26 153.22 118.78 79.51 79.51 118.67 111.09 111.09 p.cl 79.51 -13.2 
3H-CSM-SFRSCC 01 94.8 137.26 153.22 118.78 79.51 79.51 116.66 125.21 116.66 p.cl 79.51 -16.1 
3H-CSM-SFRSCC 02 89.9 137.26 153.22 118.78 79.51 79.51 116.66 125.21 116.66 p.cl 79.51 -11.6 
3H-CSM-SFRSCC 03 100.5 137.26 153.22 118.78 79.51 79.51 116.66 125.21 116.66 p.cl 79.51 -20.9 
3H-MU4-SCC 01 93.16 379.50 * 328.41 158.05 158.05 129.65 122.65 122.65 c.df 122.65 31.7 
3H-MU4-SCC 02 100.3 379.50 * 328.41 158.05 158.05 129.65 122.65 122.65 c.df 122.65 22.3 
3H-MU4-SCC 03 86.75 379.50 * 328.41 158.05 158.05 129.65 122.65 122.65 c.df 122.65 41.4 
3H-MU4-SFRSCC 01 103.72 379.50 * 328.41 158.05 158.05 127.45 143.65 127.45 c.cf 127.45 22.9 
3H-MU4-SFRSCC 02 117.48 379.50 * 328.41 158.05 158.05 127.45 143.65 127.45 c.cf 127.45 8.5 
3H-MU4-SFRSCC 03 103.37 379.50 * 328.41 158.05 158.05 127.45 143.65 127.45 c.cf 127.45 23.3 
4H-MU4-SFRSCC 01 110.45 306.52 * 437.89 210.73 210.73 127.45 164.56 127.45 c.cf 127.45 15.4 
4H-MU4-SFRSCC 03 113.76 306.52 * 437.89 210.73 210.73 127.45 164.56 127.45 c.cf 127.45 12.0 
*- not enough data to predict the txy.u of MU4 laminate. 
**- p.cl: connector failure by cleavage; c.df: concrete failure by shear in the dowels plus friction/adhesion; c.cf: concrete cone failure. 
 
 
 
 
 
 
*- corresponding author. 
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